Nanofiltration performances after membrane bioreactor for hospital wastewater treatment: Fouling mechanisms and the quantitative link between stable fluxes and the water matrix. a b s t r a c t Treatment combining membrane bioreactors (MBR) and nanofiltration (NF) is becoming an emerging wastewater treatment strategy. The combined process is capable of producing high quality water potentially reusable; however, diverse compositions of MBR effluents induce several types and degrees of NF membrane fouling that impacts process productivity. Moreover, since MBR effluent composition for one type of wastewater source is variable depending on the MBR efficiency at different periods, downstream NF membrane fouling types and degrees may consequently change over time.
Introduction
Fresh water scarcity and environmental sustainability require the development of effective wastewater treatment and reuse processes. Within this framework, membrane bioreactor (MBR) system, one of the attractive options, is increasingly applied in municipal and industrial wastewater treatment, due to many ad vantages, such as a higher organics' removal capability and less space requirements in comparison to conventional activated sludge (CAS) treatment (Judd, 2016; Xiao et al., 2014) . These advantages of MBR are particularly relevant for treating wastewater from hospital (Beier et al., 2011; Kovalova et al., 2012; Pauwels et al., 2006) . Moreover, combining MBR treatment with further purification processes, such as nanofiltration (NF) or reverse osmosis (RO) is becoming an emerging strategy for advanced treatment of hospital wastewaters at source before their discharge in municipal sewage system (Monnot et al., 2017) . In that case, the objective of the NF/RO combined to MBR is to avoid the dilution of highly concentrated hospital wastewaters, in terms of toxic organic compounds, into the domestic wastewater (McArdell and Moser, 2010) . MBR system enables the removal of major parts of organic matter and biode gradable compounds due to the biological reaction. This system also enables the efficient separation of biological sludge and turbidity due to the micro or ultrafiltration membranes installed in the system. The downstream NF process is capable of removing biorefractory micropollutants, hardness salts and heavy metals and therefore improving the water quality. Even if in certain conditions a reuse standard can be reached by NF permeate (Alturki et al., 2010; Wang et al., 2015) , it is important to consider that NF would not allow complete rejection of salts, thus we could expect that the concentration of salts in the treated water will be too important to allow direct reuse without further treatment (Shanmuganathan et al., 2015) . RO could alleviate this problem but dissolved organic matters present in the secondary effluent would not allow the direct use of RO filtration at this step of the combined process (Tang et al., 2016) .
Nevertheless, NF membrane fouling remains a challenging issue for the sustainability of the combined process. Colloidal sized substances and soluble inorganic compounds that are scarcely removed in MBR are the foulants of greatest concern for nano filtration (Schafer et al., 2005) . The deposition of these foulants on NF membrane leads to a decline in process productivity and may even cause irreversible damage to membranes. It was previously shown that scaling by calcium phosphate is a major issue in tertiary treatment of wastewater using nanofiltration or reverse osmosis, due to high rejection of divalent ions and concentration polariza tion (Antony et al., 2011; Greenberg et al., 2005; Levchenko and Freger, 2016; Rathinam et al., 2018) . Moreover, it was found that low TMP limits the retention of phosphorus using NF membranes in the case of acidic pH effluents (Schütte et al., 2015) .
Furthermore, the complexity and variability of the composition of MBR effluents make it difficult to manage stable fluxes and control NF fouling. MBR effluents contain numerous salts, in addi tion to organic matter that may cause different types and degrees of membrane fouling. Studies in synthetic and real wastewater ma trixes have indicated that the composition and morphology of the foulant layer lead to diverse impacts on flux behaviour (Li and Elimelech, 2006; Contreras et al., 2009; Jacob et al., 2010) . For example, stable fluxes for membranes fouled by humic acid and dextran exceed the fluxes obtained on membranes suffering from alginate fouling when foulant feed concentrations are the same (Contreras et al., 2009) . Another study shows that the combination of organic and silica colloidal fouling induces a decrease in flux (flux decline 40 L/h.m 2 ) that is more significant than the simple sum of the flux declines. Decrease in flux was 10 L/h.m 2 for simple organic fouling and 20 L/h.m 2 for simple colloidal fouling (Li and Elimelech, 2006) . Dissimilar flux behaviour has been reported during filtra tions of two types of MBR effluents that mainly differ in term of organic matter concentration and electrical conductivity. The total organic carbon concentration and the electrical conductivity of MBR effluent 1 were 8 mg L À1 and 894 mS cm À1 respectively, and those of MBR effluent 2 6 mg L À1 and 631 mS cm À1 . Flux dramati cally decreased to 20% of the initial flux for the MBR effluent 1, while the flux remained greater than 80% of the initial flux in MBR effluent 2 matrix (Jacob et al., 2010) .
In addition, the MBR system efficiency depends on the operating conditions, such as hydraulic residence time and pH, in such a way these parameters, together with the composition of MBR influent wastewater, strongly affect the MBR effluent compositions (Onesios et al., 2009; Pauwels et al., 2006) .
Beside several strategies to minimise NF fouling found in the literature (Hashlamon et al., 2016; Mohammad et al., 2015) which were recently reviewed (Meng et al., 2017) , our previous study (Lan et al., 2017) has investigated a fouling control strategy by permeate flux optimization for further purification of MBR effluents using NF. The concepts of critical flux and limiting flux were applied. Briefly, critical flux is the flux below which a decline of flux over time, due to irreversible fouling, does not occur; above this critical flux irre versible fouling is observed (Bacchin et al., 2006) . The limiting flux represents the maximum stationary permeate flux, which can be reached by increasing the transmembrane pressure with a given solution or suspension (Aimar and Field, 1992; Bacchin et al., 2006) . Through an experimental study including the application of a range of transmembrane pressures, the measurement of the stable flux for each pressure, identification of the fouling mechanisms on the fouled membrane, and then theoretical investigations, it has been possible to: 1) estimate the critical flux for irreversibility and find that no measurable fouling took place under this flux value; 2) demonstrate that different fouling stages occurred when filtra tions were conducted above the critical flux. For low pressure ranges, before reaching the limiting flux, the stable flux tends to the value of the critical flux. In these conditions limited fouling occurs, solely involving the accumulation of silica and colloidal organics. For higher pressure ranges, a limiting flux whose value was lower than that of the critical flux was ob tained. The low stable flux was linked to a severe fouling, combining the effect of colloidal silica and organics fouling, and calcium phosphate scaling; 3) develop a method, which can correlate flux behaviour and fouling mechanisms, define and calculate a permeability before scaling (L s ). With the initial membrane permeability and the estimated value of L s , a working diagram showing the flux behaviour versus the operating pressure was proposed. This diagram defines three separated regions: a non fouling region A, an organics fouling region B and a scaling region C. Fig. 1 in supplementary information's section shows these three regions and the experimental value of fluxes as a function of trans membrane pressure obtained during successive filtrations using the same MBR effluent as feed.
The present study deals with the treatment of real hospital wastewaters, known for its toxicity, complexity and variability, by the combination of MBR and NF processes. The aim of this work is to identify the key characteristics of MBR effluents that control fouling and flux decline, and to further establish a quantitative link between MBR effluent compositions (e.g. salt) and stabilized fluxes in NF filtration, for further purification of MBR effluents. In order to take into account the complexity and the variability of real MBR effluents, we sampled MBR effluents at different times of the day over a period of 145 days from a MBR system installed at Purpan hospital, located in Toulouse, France. The stable fluxes were observed during cross flow NF of these various real MBR effluents, and then analysed using the NF working diagram obtained in the previous study. The corresponding fouling mechanisms were investigated through morphology observation and chemical com positions analysis on fouled membrane surface and then correlated to stable flux behaviour. Finally, a quantitative link between MBR component concentrations and stable fluxes was proposed.
Theory
Concentration polarization is known as the process of accu mulation of retained solutes in the membrane boundary layer due to membrane selectivity towards various compounds (Sherwood et al., 1965) . The effect of polarization concentration can be expressed using CP the concentration polarization degree:
where C m and C b are the solute concentration at the membrane surface and in the bulk, respectively. The concentration polarization is reversible, whilst contributing to the development of problematic fouling, such as adsorption, gel layer formation and precipitation of solutes (Sablani et al., 2001) .
Based on the boundary layer mass balance, the stable permeate flux J stab (m s À1 ) in the presence of polarization concentration, can be described by the Film Theory (Staff, 2011) .
where D (m 2 s À1 ) and d (m) are the solute diffusivity and the boundary layer thickness, respectively, k is the solute mass transfer coefficient (m s À1 ) and C p the permeate solute concentration. Membrane scaling (or inorganic fouling) results from the concentration of one or more species beyond their solubility limits and their precipitation onto the membrane surface (Antony et al., 2011) . The precipitation of inorganics on a membrane surface re lates to the supersaturation rate, which is the thermodynamic driving force for precipitation. Considering an ionic substance M x N y , the simplified supersaturation ratio in the bulk S is defined by (Schafer et al., 2005) :
where K sp is the thermodynamic solubility product, C M y þ ;b and C N x ;b are the ionic concentrations. For S > 1, the transition to solid is probable.
Indeed, precipitation of inorganics on membrane surface is actually related to the supersaturation ratio on the membrane surface (S m ) which can be described by Eq. (4):
where C M y þ ;m and C N x ;m are the ionic concentrations on the membrane surface. They are related to the bulk concentrations C M y þ ;b andC N x ;b , according to the concentration polarization degree CP as Eq. (1). So, the supersaturation ratio of inorganic scalants on membrane surface S m can be written as:
In the present matrix, calcium and phosphate are potential scalants as we reported in the previous study (Lan et al., 2017) . Calcium phosphate accumulation and scaling at membrane surface were previously studied on RO and NF mimetic surfaces that give some insight into mechanisms that govern the accumulation of these scalants in wastewater treatment by RO and NF processes (Rathinam et al., 2018) .
The protonated species of phosphate relates to the pH of water. The fraction of phosphate for different pH levels is presented in Fig. 2 in supplementary information section.
The MBR effluent pH is in the range of 6e8; the phosphate is then in the form of a dihydrogen phosphate ion (H 2 PO 4 À ) or a hydrogen phosphate ion (HPO 4 2À ) depending on the pH. The acidic dissociation constant of them is equal to 7.21.
These two ions enable the precipitation of various species. .
Materials and methods

Feed water matrix
The NF feed (MBR effluent) comes from a MBR system installed at Purpan, a hospital located in Toulouse, France. This MBR system is an experimental pilot with a biological tank of 500 L operated with an effective sludge retention time of 40 days and a hydraulic residence time of 24 h. MBR was directly fed from the hospital's sanitary collection system and used immersed hollow fibre mem branes (polysulfone 0.2 mm, reference: UFWW50 IMMEM, Poly mem) developing a surface of 7 m 2 .
In order to investigate the impact of MBR effluent compositions on NF flux and fouling behaviour we sampled MBR effluents at different times of the day for 145 days. This real effluent contains salts, organic matter and around 50 pharmaceuticals from 10 different therapeutic classes. The composition of this MBR effluent varied slightly over the investigated period, depending on oper ating conditions in the MBR process and on composition and vol ume of MBR influents which were affected by hospital activities (Quesada et al., 2015) . This MBR system exhibited satisfactory pu rification performances in term of COD removal (75e95%), a removal of total nitrogen ranging from 6 to 62% due to adjustments of operating conditions over the campaign duration, and a low removal of phosphorus, which would require a specific treatment.
The range of characteristics of MBR effluents sampled for the present study are listed in Table 1 (these data are presented in details for each individual run in Table 2 in supplementary infor mation section); all these values were obtained using the analytical methods described in section 3.3.1.
All the effluents of the combined system were discharged in the municipal sewage system, which is currently the destination of all wastewaters of the hospital.
Membrane and nanofiltration apparatus
The membranes and NF set up have been presented in a pre vious publication (Lan et al., 2017) . In brief, a NE 70 polyamide composite nanofiltration membrane (provided by Woongjin Chemical Co., Ltd.) was examined in this study. The cross flow nanofiltration unit is shown in Fig. 3 in supplementary informa tion section. The volume of the feed tank (1) is 10 L. The flat feet membrane (1.4 Â 10 À2 m 2 ) was installed into a Sepa CF II cross flow filtration cell (3). Permeate was collected in a vessel and weighed by a balance (5) connected to a computer for flux calculation.
After membrane compaction, filtrations were conducted at constant transmembrane pressures (5e35 bar) with a 0.3 m s À1 cross flow velocity. The operating pressures are presented in Table 2 in In order to simulate a feed and bleed continuous mode at a Volume Reduction Factor (VRF) of 5, the filtrations were conducted in two steps: firstly, in a concentration mode and secondly in a recirculation mode. This VRF of 5, corresponding to a recovery rate of 80%, is within the range that would be applied in a full scale system (30e90%) (DiGiano et al., 2000) . The permeate flux was monitored during both filtration steps. In the concentration mode, the retentate stream was recycled into the feed vessel while the permeate was collected in the permeate tank. This mode corre sponds to a transient state as the retentate concentration increased with filtration time. After the VRF reached 5, both retentate and 2009b). The spectra of fouled membranes after filtrations A and D (low stable flux: 10 L h À1 m À2 ) shows great resemblance to the one of membrane fouled by colloidal silica, organics and calcium phos phate scaling (Lan et al., 2017) . Peaks at 3300 cm À1 and 1545 cm À1 corresponding to NeH stretching and bending vibrations, together with a peak at 1647 cm À1 associated with the stretching vibration of C O, indicate the presence of colloidal organics (Jarusutthirak et al., 2002; Nguyen et al., 2009 ). In addition, OH stretching and the SieOH group vibration are observed at 970 cm À1 and 3700 3200 cm À1 (Lee et al., 2004) ; the absorbance around 820 cm À1 is associated with the symmetric bond stretching vibration of the SieOeSi network (Muroya, 1999) . These absorbance peaks imply the presence of colloidal silica fouling (Gorzalski and Coronell, 2014). The wide and intensive peak at 1049 cm À1 is reported to be characteristic of phosphate (including PO 4 3À , HPO 4 2À , HPO 4 À1 ) and
crystallized calcium phosphate (Elzinga and Sparks, 2007; Sl osarczyk et al., 1997; Theophile, 2012) , which suggests the pres ence of calcium phosphate scaling on the fouled membrane surface. By comparison, the absorbance band around 1445 cm À1 , which corresponds to calcium carbonate, is very weak, indicating that carbonate was not the main foulant.
For the fouled membranes after the filtrations Q (stable flux: 82 L h À1 m À2 ), we only observed the absorbance of organics and silica foulants: peaks at 3300, 1545 and 1647 cm À1 corresponding to organic fouling, 970 and 820 cm À1 attributing to silica fouling. The absence of peak in the region 1030 1100 cm À1 indicates that no calcium and phosphate scaling appear on the membrane surface. On the other hand, membrane after filtration G (stable flux: 53 L h À1 m À2 ) presents an 'intermediate' fouling layer including organic and silica fouling and probably scaling (peak at 1070 cm À1 ) whilst the absorbance of scaling is less intensive compared to that of the membranes after filtrations A and D.
Fouling layer characterization by SEM EDX analysis
To further verify the fouling mechanisms and understand the link between them and stable fluxes, SEM analyses were performed on membrane surfaces and cross section to characterize the fouling layer's structure and morphology ( Fig. 4 in supplementary infor mation section). Combined with SEM, EDX was applied to analyse the elemental compositions on membrane surfaces. The weight percentages of main elements are reported in Table 3 . These data were used in the present study to evaluate the relative distribution of Calcium, Phosphate and Silica on each fouled membrane surface, referring to Sulphur, which is taken as a standard (membrane material shows 100% of sulphur).
We compared the micrographs of the pristine membrane and membranes after filtration A and D, which were likely to be fouled by colloidal silica, organics and calcium phosphate scaling accord ing FTIR analysis. A variety of "bright" particles appears, evenly distributed over the entire fouled membrane surfaces. In particular, for the membrane after filtration D, "bright" particles are sharp and the size of them varies from 0.5 mm to 1 mm. The cross section image shows that the foulant layer thickness is relatively uni form, around 2 mm.
From the EDX analysis (Table 3) , sulphur is the only element detected on the pristine membrane surface, while on the fouled membranes after filtrations A and D; Ca and P are the major ele ments detected. It can be observed that after filtration D, most of the measurements were unable to detect sulphur characterizing membrane material, which is probably due to a fouling layer, thicker than the depth of EDX analysis. Furthermore, we have to notice that Carbon, characterizing organics, was not quantified by the EDX instrument because of its limitation, but from FTIR results organics and colloidal silica fouling was detected on these mem brane samples. However, combination of the different tests con ducted let us assume that after filtrations A and D the main fouling mechanism is calcium and phosphate scaling, with a low contri bution to the decrease in flux of organics and colloidal silica fouling (absence or low silicon percentage on the membrane surface after filtrations A and D see Table 3 ). Moreover, it is worth noticing that although the percentage of Ca on the membrane surface after filtration D is higher than the Ca percentage after filtration A, the stable fluxes reached during these two filtrations were similar.
When we focus on the micrograph and element percentage of the membrane surface after filtration Q (obtaining a higher stable flux), it is found that a homogenous dark layer covered the fouled membrane surface and only silicon and sulphur were detected by EDX, in absence of calcium and phosphorus. These observations confirm the results from the FTIR analysis that the membrane was only fouled by organics and silica.
In the case of filtration G, an uneven surface was observed and the presence of silicon, calcium and phosphate was detected, indicating that scaling occurred during this filtration whilst the stable flux was greater than that of filtrations A and D. For further understanding, other fouled membranes at this TMP, whilst lower in stable flux (15 L h À1 m À2 , filtration F) were characterized. Again, an uneven fouling layer was observed. However, the element percentages of calcium and phosphate are higher than that of filtration G.
To go further in the analysis of the membrane surface coverage by scalants, Fig. 4 plots the percentage of calcium and phosphorus (scalants) versus the corresponding sulphur percentage (mem brane) on each location analysed on a membrane surface. Pristine and fouled membranes after filtrations A, D, G and F were consid ered. As mentioned previously, the points corresponding to the pristine membrane are located at 100% sulphur and 0% calcium or phosphate in both Fig. 4 (a) and (b). It was found that after filtra tions A and D, the percentages of calcium and phosphorus on the membrane surface are relatively uniform (for example Ca 75% and P 25% on different locations after filtration D), indicating their even distribution on the membrane surface. On the other hand, fouled membranes after filtrations G and F exhibited various percentages of calcium and phosphorus as a function of the measurement location, which means that the distribution of scalants is uneven. The percentages of calcium and phosphorus vary from 0 to 50% on in filtrations P and Q maintained relatively high values, even though calcium and phosphate concentrations in the feed matrix were higher than concentration in other effluents. It seems that not only the concentration of scalant ions, but also other critical factors, affect the level of stable fluxes. As we indicated in section 2, the main species of phosphate is dihydrogen phosphate (H 2 PO 4 À ) when the pH is below 7.2 and hydrogen phosphate (HPO 4 À ) for pH above 7.2. pH values of feed matrix in filtrations P and Q were 6.74 and 6.80 respectively where phosphate is in H 2 PO 4 À form, whilst for the other filtrations, the feed matrix pH ranged from 7.45 to 7.95 (and 7.20 to 8.27 after FRV 5) where the phosphate form is HPO 4 À .
Moreover, from Table 1 in supplementary information, one can notice that all calcium and hydrogen phosphate (HPO 4 À ) compounds have slightly lower solubility than calcium and dihydrogen phos phate (H 2 PO 4 À ) compounds. For example, the solubility of CaHPO 4 is 10 5 times lower than that of Ca(H 2 PO 4 ) 2 .
Thus, we found that:
(1) When the major phosphate form is HPO 4 À in the MBR efflu ents (pH > 7.2), scaling occurred even though calcium and phosphate concentrations are relatively low (e.g. filtrations G, F and A). This is due to the extremely low solubility of calcium hydrogen phosphate compounds. In these condi tions, an increase in concentration of calcium and phosphate leads to their abundant precipitation on the membrane surface. The membrane surface area occupied by these sca lants then increases, leading to lower stable fluxes. When the entire membrane surface is occupied by scalants, extremely low limiting fluxes are observed. In this case, higher scalant ion concentrations in MBR effluent would no longer affect the stable flux (e.g. filtration B).
(2) When the major phosphate form is H 2 PO 4 À in the MBR ef fluents (pH < 7.2), scaling only appears if the calcium and phosphate concentration product exceeds the thermody namic solubility product (K sp ) of the corresponding calcium and dihydrogen phosphate compounds. Since their K sp is much higher, scaling is negligible at the given calcium and phosphate concentrations (filtrations P and Q). The absence of less permeable layer of scalants on the membrane surface results in a greater limiting flux.
(3) Stable fluxes of NF for purification of MBR effluents are sensitive to pH: a slight pH variation from 6.8 to 7.2 results in severe fouling and low stable fluxes.
Link between organics and scalant ions concentrations in MBR effluents and stable fluxes
Since organic fouling or combination of it with calcium and phosphate scaling are two main fouling mechanisms during NF of MBR effluents, we propose in the following to establish the link between their concentrations in MBR effluents and stable fluxes. 4.4.1. Qualitative link between organics concentration in MBR effluents and stable fluxes (pH < 6.8)
In the case of effluents the pH of which is lower than 6.8 (filtrations N, P, Q and L), it has been demonstrated that scaling is negligible in the TMP range tested (0e25 bar). We then propose to correlate organics concentration in MBR effluent and stable fluxes. Herein, organics concentration was evaluated in the NF retentate (MBR effluent at VRF 5 in the concentration loop of the NF system) by UV absorbance at the wavelength of 254 nm (UV 254 ), COD and TOC.
The results reported on Fig. 7 show a decrease in membrane permeability (J stab /DP) when UV 254 , TOC and COD increase until a plateau value was reached. This confirms the role of the organics concentration in the value of the stable fluxes for filtrations at pH < 6.8. If we go further in data analysis, we can say, on one hand, that among total organic compounds present in MBR effluent, ar omatic ones are more concentrated in the feed of filtration N by comparison to the feed of filtration P. On the other hand, filtration P feed is the most concentrated in terms of general compounds that could be chemically oxidized. We could expect an effect of these differences in feed composition on the pseudo stable flux reached, which was not observed in the tested conditions as soon as organics in the influent reached a certain concentration. Hence, in the pre sent study the distinction of the different fractions of organic matter did not provide additional information on the influence of organics composition of the MBR effluent on NF flux. (pH > 7. 2)
Quantitative link between scalant ions concentrations in MBR effluents and stable fluxes
The following model puts forward the variation of stable fluxes with calcium and phosphate concentrations in MBR effluents.
As discussed in section 2, the supersaturation ratio on the membrane surface can be expressed as equation (7). S m C Ca 2þ ;b C HxPO z 4 ;b CP Ca 2þ CP HxPO z 4 K sp (7) where, C Ca 2þ ;b and C HxPO4 z ;b are the concentrations of calcium and phosphate in the bulk, CP is the concentration polarization degree; K sp is the thermodynamic solubility product of the scalant compound.
The concentration polarization degree for each ion is written as equations (10) and (11) (Zydney, 1997; Wei et al., 2010) deduced from the Film theory (Eq. (2)) and the definition of the observed rejection R Obs and the membrane rejection R m as follow: 
Where C Ca 2þ ;m , C Ca 2þ ;b and C HxPO4 z ;m ,C HxPO4 z ;b are calcium and phosphate concentrations on the membrane surface and in the bulk, respectively; J stab is the stable permeate flux; R ObsðCa 2þ Þ and R ObsðHxPO4 z Þ are the observed ion rejections; k HxPO4 z and k Ca 2þ are the mass transfer coefficients in the boundary layer of phosphate and calcium, respectively.
Since Ca 2þ and PO 4 3À are multivalent salts, the rejections of them by NF membranes tend to 1 in most conditions (experimental rejection >90% in this work). In this case, equations (10) and (11) can be simplified to equations (12) and (13) as follows:
